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T he crucial role of high low density lipoprotein (LDL) levels in the development of atherosclerosis is well established, and recent evidence suggests that oxidation of LDL in the arterial wall is a key event in this process. 1 Since endotheliumdependent vasodilations are impaired in atherosclerosis, 2 -5 interest has focused on a possible link between lipoproteins and the impairment of the formation or effect of endothelium-derived relaxing factor (EDRF). Several in vitro studies have been performed to investigate the direct effects of native (N-) LDL and oxidized (Ox-) LDL on endothelium-dependent vasodilations. 6 - 9 However, conflicting results have been reported with regard to the attenuation of endotheli-um-dependent vasodilations by short-term exposure to N-LDL and Ox-LDL.
It was the aim of the present study to clarify whether different methodological approaches account for these conflicting results. Therefore, we studied separately the effects of N-LDL and Ox-LDL on the formation of EDRF in cultured endothelial cells, on its inactivation after release from endothelial cells, and on endothelium-dependent vasodilations of arterial rings and segments. Special care was taken to avoid lipoprotein oxidation during preparation of N-LDL to clearly differentiate N-LDL from Ox-LDL, since the biologic activity of LDL critically depends on its state of oxidation. 10 
Methods

Preparation of Native Low Density Lipoprotein
Plasma was separated from freshly drawn human blood, and 0.2 mM EDTA, 20 fiM butylated hydroxytoluene (BHT), 1 mM phenylmethylsulfonyl fluoride (PMSF) (all from Sigma, Munich, F.R.G.), and 10 mg/dl chloramphenicol (Boehringer-Mannheim, Mannheim, F.R.G.) were added to avoid autooxidation, proteolytic digestion, and bacterial growth. 11 LDL (d=1.019-1.063 g/ml) was isolated by sequential ultracentrifugation at 200,000g. 12 Thereafter, LDL was concentrated by centrifugal ultrafiltration and desalted by gel filtration with a Sephadex G-75-120 column (Sigma). The column was equilibrated with Tyrode's solution containing EDTA (0.2 mM) and BHT (20 fiM). Stock solutions of LDL (8-12 mg protein/ml) were sterilized by filtration (pore size, 0.22 (im, Millipore, Bedford, Mass.) and kept in the dark at 4°C for no longer than 3 weeks. LDL prepared by this method is referred to as N-LDL. Protein content was measured as described by Bradford. 13 Oxidative Modification of Low Density Lipoprotein N-LDL was separated from EDTA and BHT by gel filtration on a Sephadex G-75-120 column equilibrated with 0.2 M sodium phosphate buffer (pH 7.4). Antioxidant-free LDL (0.3 mg protein/ml) was incubated with 5 /tM CuSO 4 for 24 hours at 23°C. The degree of oxidation was quantified by three different methods: 1) the absorption increase at the 234-rim wavelength, indicating conjugated diene formation of fatty acids, 14 2) the increase in relative mobility on agarose gel, indicating an enhanced negative charge of Ox-LDL, 15 and 3) sodium dodecyl sulfate-polyacTylamide gel electrophoresis (SDS-PAGE), which demonstrated fractionation of apolipoprotein (apo) B-100. 15 The oxidative process was stopped by adding 20 fiM BHT and 0.2 mM EDTA when the formation of conjugated diene was approximately 80% of its maximum (detected photometrically). The relative mobility of Ox-LDL by agarose gel electrophoresis as an index for lipoprotein oxidation 15 was then 1.3 compared with N-LDL. Electrophoresis kits (Lipidophor) were purchased from IMMUNO GmbH, Heidelberg, FRG. Finally, Ox-LDL was desalted, concentrated to the same volume as before starting the oxidation procedure, and stored as N-LDL.
Sodium Dodecyl Sulfate-Potyacrylamide Gel Electrophoresis
SDS-PAGE was performed using 3-20% gradient gels and xanthine oxidase, lipoxidase, albumin, and peroxidase (Sigma) as molecular weight markers (283, 96, 68, and 40 kd, respectively). 16 Protein bands were stained with Coomassie Brilliant Blue (Serva, Heidelberg, F.R.G.). 16 N-LDL migrated as a single apo B-100 protein band. Ox-LDL was completely depleted of apo B-100 protein and was fractionated into multiple protein bands of variable size, ah" with a molecular weight of less than 283 kd.
Bioassay Experiments
Endothelial cell culture. Bovine aortic endothelial cells were isolated and cultured as described elsewhere in detail. 17 Briefly, aortic segments were freshly obtained from the abattoir and were incubated for 45 minutes at 37°C with 2.4 units/ml ). The culture medium contained 20% fetal calf serum (Seromed, Munich, F.R.G.), streptomycin (50 mg/1), and penicillin (5,000 units/1) (both from Sigma). For bioassay experiments with endotheliumdenuded artery segments, cells were subcultured on microcarrier beads (Biosilon, Nunc-Intermed, Wiesbaden, F.R.G.) and packed into a column. The endothelial cell column was perfused with oxygenated Tyrode's solution (Po2=140 mm Hg) at a rate of 30 ml/hr and stimulated for continuous EDRF release with 5 ^M thimerosal (Sigma). 18 The outflow tubing of the cell column was connected to the inflow cannula of a preconstricted arterial segment, which served as a detector for EDRF ( Figure 1 ). The dilator compound released from the cell columns was characterized as EDRF as in earlier experiments. 17 To investigate whether lipoproteins inactivate released EDRF, the lipoproteins could be administered distally to the endothelial cell columns by a T-connection ( Figure 1 ). The perfusion rate through this sidearm was 1/10 of the perfusion rate through the endothelial cell columns, and the lipoproteins (stock solution concentration, 10 mg/ml) were administered through this sidearm to give a final concentration of 1 mg/ml.
While testing the inhibitory action of lipoproteins, a second detector segment not perfused with the lipoproteins served as a control for continuous EDRF release. Therefore, the effluent of the endothelial cell columns could be perfused alternatively through the segments. Inactivation of EDRF by the lipoproteins is expressed as a percent of the vasodilations in the absence of lipoproteins.
Guanylate cyclase assay. EDRF release from cultured endothelial cells was detected by a guanylate cyclase assay as described elsewhere in detaiL 19 - 20 Endothelial cells grown on plates were exposed to N-LDL, Ox-LDL, or lipoprotein-deficient serum as a control (1 mg/ml for 1 hour). The cells were then washed and stimulated with 30 nM bradykinin (Sigma). The supernatant covering the cells was transferred into a test tube containing purified, soluble guanylate cyclase from bovine lung. The activity of guanylate cyclase was determined by measuring the formation of [ Vessel preparation. Intact segments of the femoral artery were obtained from rabbits of either sex (2.5-3.5 kg). For part of the experiments, the endothelium was removed mechanically by gently rubbing the segments over a rough steel cannula. Intactness or absence of endothelium was tested as described earlier. 21 The segments were fixed between two steel cannulas and placed in an organ bath (37°C) containing oxygenated Tyrode's solution (pH 7.4). The solution was perfused through the organ bath at a rate of 0.66 ml/min. In addition to organ bath perfusion, the segments were perfused intraluminally (Tyrode's solution, with a P02 of 130 mm Hg and PcOj of 28 mm Hg [pH 738] at a rate of 05 ml/min).
Vascular outer diameters were recorded continuously by a photoelectric device. The transmural pressure was adjusted hydrostatically to 40 mm Hg (isobaric conditions). Resting diameter under these conditions was 1,755±22 urn (n=28). Full details of this experimental setup (Figure 1 ) have been published earlier. 21 Endothelium-dependent vasodilations before and after 1 hour of intraluminal incubation with N-LDL or Ox-LDL (1 mg/ml) were elicited by intraluminal perfusion with cumulative dosages (0.03-1 /zM) of acetylcholine (Sigma).
For bioassay experiments, the segments were preconstricted with 0.1 uM norepinephrine (Hoechst, Frankfurt, F.R.G.) applied to the organ bath, and the effluent of the endothelial cell columns was perfused intraluminally through the endothelium-denuded segments as described above. Since Ox-LDL has an enhancing effect on norepinephrine-induced vasoconstrictions, 22 the norepinephrine concentration in the organ bath was lowered in the presence of Ox-LDL to achieve the same level of preconstriction as was present under reference conditions without Ox-LDL.
In an additional series of experiments, we compared the influence of N-LDL and Ox-LDL on endotheliumdependent vasorelaxations in arterial ring preparations with those in arterial segments. Pairs of rings and segments were prepared from the same rabbit aorta. The aortic segments were investigated in the same way as the femoral segments. The aortic rings (4 mm diameter, 3 mm wide) were mounted on a force transducer (model Biegestab K 30, H. Sachs, Hugstetten, F.R.G.) under 1.5 g resting tension and superfused with oxygenated Tyrode's solution (95% Oj/5% CO 2 , pH 7.4, 37°C, 40 ml/hr). After a 30-minute equilibration time, the rings were precontracted with norepinephrine (0.1 ;uM), and endothelium-dependent relaxations were elicited by 1 nM acetylcholine before and after 30 minutes' superfusion with 1 mg/ml N-LDL, Ox-LDL, or Tyrode's solution without lipoproteins (control). Relaxations are expressed as percent of precontraction. In each experiment, aortic rings and segments were obtained from the same animal and investigated simultaneously, and the lipoproteins were diluted from the same stock solutions.
Statistics
All data are presented as mean±SEM. Paired Student's t test was used to evaluate statistical significance of differences. For multiple comparisons of data, Bonferroni's correction was performed, and p^0.05 was considered to be statistically significant.
Results
Endothelium-Mediated Dilation in Perfused Femoral Segments Preincubated With Native and Oxidized Low Density Lipoprotein
Dose-response relations of preconstricted rabbit femoral arteries to acetylcholine before and after 1-hour incubation with N-LDL or Ox-LDL (1 mg/ml) are shown in Figure 2 . Throughout the whole concentration range, dilations to acetylcholine did not differ significantly between lipoprotein-incubated segments and control segments. Thus, N-LDL and Ox-LDL did not impair acetylcholine-induced endothelium-dependent vasodilations in perfused segments.
Comparison of the Influence of Native and Oxidized Low Density Lipoprotein on Endothelium-Dependent Dilations in Aortic Rings and Segments
As in femoral segments, vasodilations of aortic segments in response to 1 ^M acetylcholine were not impaired after 1-hour incubation with 1 mg/ml N-LDL: 81 ±5% dilation before versus 79±5% dilation after incubation with N-LDL (n=4). In contrast, relaxations of aortic rings in response to 1 uM acetylcholine were significantly (/?<0.05) reduced after 30 minutes' superfusion with 1 mg/ml N-LDL (73 ±7% versus 44±9% relaxation, n=8) or Ox-LDL (82±7% versus 56±7% relaxation, n=6). Relaxations of control rings without incubation with lipoproteins did not change within this time interval. Figure 3 (upper panel) illustrates the EDRFinactivating effect of 1 mg/ml N-LDL on a detector segment preconstricted with norepinephrine. The EDRF-mediated vasodilation of the detector segment was markedly reduced when N-LDL was added to the effluent of an endothelial cell column. The same holds true for administration of Ox-LDL. ure 3 (lower panel) illustrates the time course of the EDRF-inactivation by N-LDL during continuous EDRF perfusion of a detector segment. Addition of N-LDL to the effluent caused immediate suppression of the vasodilation, which was also immediately reversible when the N-LDL perfusion was stopped. Data of EDRF inactivation by N-LDL and Ox-LDL are summarized in Figure 4 : N-LDL reduced the vasodUations of the detector segments by 38.5 ±5.3%, and Ox-LDL reduced them by 55.5±4.6% (n = 12).
Inactivation by Native and Oxidized Low Density Lipoprotein of Endothelium-Derived Relaxing Factor Released From Cultured Endothelial Cells
FIGURE 2. Line plots of vasodUations evoked by acetylcholine (uM) in intact rabbit femoral artery segments before and after a 1-hour incubation with 1 mg/ml native low density lipoprotein (N-LDL) or oxidized low density lipoprotein (Ox-LDL). Acetylcholine was perfused intraluminally through the segments in cumulative dosages of 0.03, 0.1, 0.3, and 1 uM. VasodUations are expressed as percent of preconstriction induced by 0.1 uM norepinephrine. Upper panel: VasodUations before (-O-, control) and after (-•-) incubation with N-LDL (n=7). Lower panel: VasodUations before (-O-, control) and after (-•-) incubation with Ox-LDL (n=9
Formation of Endothelium-Derived Relaxing Factor in Cultured Endothelial Cells After Incubation With Native and Oxidized Low Density Lipoprotein
Release of EDRF from cultured endothelial cells was not attenuated by incubation with N-LDL or Ox-LDL. Bradykinin-induced. (30 nM) EDRF release was measured as stimulation of the activity of guanylate cyclase. Before stimulation, endothelial cells were incubated with N-LDL, Ox-LDL, or lipoprotein-deficient serum as a control (1 mg/ml for 1 hour). After bradykinin stimulation of the endothelial cells, the guanylate cyclase activity in the assay increased more than threefold in all groups. The increase in guanylate cyclase activity did not differ between the groups (n=8).
Discussion
The data presented in this study indicate that both N-LDL and Ox-LDL inactivate EDRF after its release from endothelial cells. However, the formation of EDRF, which is most likely identical to nitric oxide (NO) 23 in cultured endothelial cells as well as in isolated arterial segments, remained unaffected after a 1-hour incubation with N-LDL and Ox-LDL.
There is strong evidence suggesting that both N-LDL and Ox-LDL are present in the arterial wall in hypercholesterolemia. 24 - 27 Thus, it is conceivable that inactivation of EDRF by N-LDL and Ox-LDL contributes to the impairment of endothelium-mediated vasodUations, which has been observed in hypercholesterolemia. Different techniques applied to the investigation of effects of lipoproteins on vasomotion could explain the various findings. While endothelium-mediated vasodilations were not impaired by N-LDL and Ox-LDL in intact segments, these responses were significantly reduced after incubation of arterial ring preparations with N-LDL or Ox-LDL. Immersed in the lipoprotein-containing solution, the access of N-LDL and Ox-LDL to the smooth muscle layers of the media might be much better in ring or strip preparations than in segments, where the lipoproteins (added from the intraluminal side) have to surmount, at first, the endothelial barrier to reach the subintimal space. The rapid infiltration of the wall by lipoproteins would augment the direct EDRF-inactivating effect of N-LDL and Ox-LDL and thus explain the attenuation of endothelium-dependent vasodilations in ring and strip preparations 6 -9 after a relatively short exposure to lipoproteins.
In general, a comparison of the cited studies on N-LDL or Ox-LDL is difficult. The absence of adequate measures against lipid peroxidation favors the development of oxidativery modified LDL. Hence, without adequate detection of the oxidative state of the LDL preparation, 8 
"
9 the observed effects cannot be attributed unequivocally to N-LDL.
In the present study, Ox-LDL caused effects on endothelium-dependent vasomotion, which did not differ significantly from those of N-LDL. However, "oxidized LDL" is not clearly defined. During the lipid peroxidation process, a variety of partly unstable, biologically active substances is formed. 31 Ox-LDL can be cytotoxic to endothelial cells, 10 -32 > 33 but its composition can differ, depending on the plasma origin and the oxidative conditions. 34 With respect to this problem, we used lipoproteins prepared simultaneously by a standardized protocol in all the systems studied. A biologic test for our standardization was the ability of Ox-LDL to potentiate vasoconstrictions as reported in a previous study. 22 The fact that EDRF formation was not attenuated by a 1-hour incubation with the potentially cytotoxic Ox-LDL can be explained by the rather short incubation time, which must be clearly differentiated from long-term exposure. Thus, we may have missed cytotoxic effects of Ox-LDL occurring after more protracted incubation.
The molecular mechanism responsible for inactivation of EDRF/NO by LDL is unknown. A possible desensitization of the vascular smooth muscle to EDRF by the lipoproteins seems unlikely. When N-LDL was added in the bioassay experiments during continuous EDRF perfusion of the detector segment, vasodilations were suppressed immediately. Also, the suppression was immediately reversible by lipoprotein washout. This suggests a direct inactivation of EDRF by the lipoproteins rather than an effect on the target organ smooth muscle.
The highly hydrophobic core of the LDL particle may act as a sink for EDRF/NO, which is about eightfold more soluble in hydrophobic than in hydrophilic media. 35 The NO radical could be consumed by reaction with hydrocarbonic radicals inside the LDL particle. However, the exact mechanism of NO inactivation by LDL remains to be clarified.
In conclusion, our findings suggest that N-LDL and Ox-LDL directly inactivate EDRF but do not attenuate formation of EDRF in cultured and native endothelial cells after short-term exposure. The EDRF-inactivating effect of LDL may be pathophysiologically relevant in regions with lipoprotein accumulation in the vessel wall. Together with the potentiating effect of Ox-LDL on vasoconstrictions, 22 it may favor the development of inappropriate vasoconstriction.
